This paper examines and applies the theoretical foundation of the decomposition of economic and productivity growth to the thirty provinces in China's post-reform economy. The four attributes of economic growth are input growth, adjusted scale effect, technical progress, and efficiency growth. A stochastic frontier model with a translog production and incorporated with human capital is used to estimate the growth attributes in China. The empirical results show that input growth is the major contributor to economic growth and human capital is inadequate even though it has a positive and significant effect on growth. Technical progress is the main contributor to productivity growth and the scale effect has become important in recent years. The impact of technical inefficiency is statistical insignificant in the sample period. The relevant policy implication for a sustainable post-reform China economy is the need to promote human capital accumulation and improvement in technical efficiency.
Introduction
In studying the technical change in the U.S., Solow (1957) differentiated the movements along the production function, which is caused by the input growth, from the shifts of the production function, which is defined as technical progress. With the assumption of constant returns to scale and perfect competition in the product market, the growth of output per unit of labor can be decomposed into technical progress and the weighted growth of capital per unit of labor. Technical progress has often been estimated by time series data of output and capital per unit of labor and the share of capital. Such a measure is referred to as "Solow residual." For a multiple inputs production function, the total factor productivity (TFP) growth is widely used as a measure of productivity change.
While the classical approach in the TFP analysis often assumes optimality in production capacity, the output-oriented stochastic frontier production approach (Aigner et al., 1977) argues that, with given sets of factor inputs and due to possible technical inefficiency, there can be deviation between actual and optimal output. The measure of technical inefficiency can thus be added to the analysis of TFP growth by using the stochastic frontier model.
1
There are at least three different ways to measure TFP growth: the index-number approach, the production function approach, and the cost function approach (Cowing and Stevenson, 1981; Denny et al., 1981; Bauer, 1990) . The index-number approach has been used mostly in the early studies. The production function approach is more convenient than the cost function approach since it does not require any cost information. In spite of different measurement approaches, the TFP growth is composed of technical progress, technical efficiency change, and a scale economies effect (Bauer, 1990; Kumbhakar and Lovell, 2000) . Technical progress refers to an outward shift of the production frontier due probably to greater use of technology and innovation that yields a larger production capacity. Technical efficiency change refers to an overall movement from a position within the production frontier towards the production frontier. The scale economies effect contributes to the output and productivity growth due to increasing returns to scale. With increasing returns to scale in production, output increases at a higher percentage with respect to input increases and induces productivity improvement.
2
This paper extends the production function approach in Solow's (1957) classical model and follows Denny et al., (1981) , Bauer (1990) , and Kumbhakar and Lovell (2000) to examine the theoretical foundation of the decomposition of economic and productivity growth. We relax the assumption of constant returns to scale and consider technical inefficiency in a stochastic frontier model. The output growth is then decomposed into:
input growth, adjusted scale effect, technical progress, and efficiency growth.
Furthermore, TFP growth is decomposed into: adjusted scale effect, technical progress, and efficiency growth (Kunbhakar and Lovell, 2000) .
The empirical study on the post-reform China economy is based on the stochastic frontier model with a translog production function (Christensen et al., 1971 ) that incorporates a human capital variable. Although the production stochastic frontier analysis has been used in other studies on the Chinese economy, most studies have focused on one or two components of productivity growth, while technical progress and/or returns to scale have been absent (Kalirajan et al., 1996; Carter and Estrin, 2001; Hu and McAller, 2005; Tong, 1999; Dong and Putterman, 1997; Wu, 1995 .
Lacking a distinct method of constructing China's physical and human capital stocks in recent studies (Bai et al., 2006; He et al., 2007; Funke and Yu, 2009; Perkins and Rawski, 2008; Qian and Smyth, 2006; Urel and Zebregs, 2009) , this paper chooses to extend, revise and update the dataset and the methodology used in deriving the national and provincial physical capital and human capital stocks in Chow and Li (2002) , Liu and Li (2006) , Li (2003 , 2009 and estimates the components of the economic and productivity growth for China's thirty provinces for the sample period of 1985-2006. China's national and provincial capital are approximated from investment figures (Chow, 1993) , while a perpetual inventory approach adjusted by provincial migration and mortality rates is used in construction the human capital stock (Wang and Yao, 2003; Barro and Lee, 2001; Howitt, 2005) .
Section 2 discusses the theoretic foundation of the decomposition of economic 2 The empirical study of this decomposition of the TFP growth has earlier been applied to Korea with the production function approach by Kim and Han (2001) and with the cost function approach by Kwack and Sun (2005) , and to the U.S. with the production function approach by Sharma et al. (2007) .
and productivity growth, Section 3 elaborates on the data used for empirical estimation of the growth experience in post-reform China and introduces the empirical model. Section 4 presents the empirical results, while section 5 concludes the study.
Decomposing Growth and Productivity
Although classical economic growth models assume technical efficiency and production always occurs on the production frontier, the occurrence of technical inefficiency in a production function can be shown by using a stochastic frontier model (Aigner et al., 1977; Coelli, 1988 and 1992; Greene, 2005) ,
where Y is the actual level of output; F is the potential production function with n inputs; it X is i th input; and u is a half-normally distributed random variable with a positive mean. The inclusion of t in F allows for the production function to shift over time due to technical progress. The last term Taking logarithm transformation yields
Technical inefficiency occurs when 0  t u and the level of t Y log is less than the level of F log . Differentiating Equation (2) with respect to time yields the following output growth equation:
where
is the growth of output and 
The output growth can be represented as
Consider the following cost minimization problem under perfect competition in the factors markets, but not necessary in the product market.
We express the objective function and the constraint in the Lagrangian form.
where  is the Lagrange multiplier. The first-order condition for minimization is
Or,
Multiplying both sides by it X ,
Taking the sum of all inputs, the total cost is
Denote the cost share of input it X as it s . Dividing Equation (11) by Equation (13), the cost share is
This shows that the cost share is always equal to the relative output elasticity in the case of cost minimization. 3 We can rewrite the output growth Equation (6) as
By adding and subtracting term,
Using Equation (14),
Equation (16) shows the decomposition without cost information (w) and can be used for the empirical estimation of the sources of output growth, if the parameters of the production function are known. Equation (17) shows that output growth can be decomposed into four components: weighted sum of input growth, adjusted scale effect, technical progress, and growth of technical efficiency. For the first term in Equation (17) Kumbhakar and Lovell (2000) include the allocative inefficiency component in the decomposition. Equation (14) shows that the allocative inefficiency does not exist when the cost minimization is used.
terms in Equation (17) show that input growth has two impacts on output growth. One is the direct impact through its growth and the other is the indirect impact through scale effect.
The decomposition in Equations (16) and (17) has relaxed a major assumption in Solow's (1957) decomposition of economic growth, as Equation (17) does not require the constant returns to scale assumption. Indeed, the growth decomposition as shown by
Equations (16) and (17) can be applied to any types of production function as long as output elasticity for each input can be derived. This implies that a nonlinear production function such as the translog function can be used for growth decomposition analysis.
Total factor productivity (TFP) can be defined as
where  is the aggregate input. Taking logarithm and differentiation with respect to time, the TFP growth is
Although it is not feasible to measure  since it is the aggregate of different inputs with different unit of measurements, a commonly used measure of input growth is the Divisia index (Jorgenson and Griliches, 1967) .
Substituting Equations (17) and (20) into (19), the TFP growth is
Then, the TFP growth has three components: adjusted scale effect, technical progress, and growth of technical efficiency (Bauer, 1990; Kumbhakar and Lovell, 2000, pp. 284) . , and without technical inefficiency, the decomposition is reduced to Solow (1957) .
Post-reform China and Estimation Method
Despite the persistent high growth China experienced since economic reform in 1978, the reliability and accuracy of China's output data has been questioned in two separate debates. The debate on the inclusion of measurement factors (Young, 2000 (Young, , 2003 Rawski and Xiao, 2001; Holz, 2004 Holz, , 2006 Chow, 2006) concentrates on the estimation of the capital stock series, and that such detailed measures as the scrap rate and depreciation rate of the same capital equipment at different years are absent. Most studies ended up using adjusted China's output data that eventually are based on different sources of China data (e.g. Hsueh and Li, 1999 The other debate concerns the transformation from the Soviet material product system (MPS) to the system of national accounts (SNA) as the former does not value "non-market" and "non-materials" output and services and the deficiencies in China's national account and statistical practices (Maddison and Wu, 2008; Wu, , 2003 .
There has been contrasting debate on whether China's national account has been over-estimated or under-estimated. The advocates based on the institutional effect argue that there are strong incentives for enterprises to oblige their supervising bureau by over-reporting output growth . In December 2004, China's National Bureau of Statistics (NBS) reported that by incorporating non-agricultural activities, annual GDP estimates have been under-reported (Wu, 2007 Recent empirical studies have examined various dimensions and sources of economic growth and productivity change in China using adjusted data (Lin, 2000; Wang and Yao, 2003; Fleisher et al., 2010; Woo, 2002 Woo, , 2006 Bosworth and Collins, 2008; Zhang, 2003; Islam et al., 2006) . In particular, studies have used physical capital constructed from investment data to examine growth and productivity. Chow and Li (2002) and Li (2003) constructed the national and provincial capital stock data using different investment sources to estimate productivity change in China, while Liu and Li (2006) and Li (2009) further extended the analysis on growth and productivity to incorporate the human capital variable and provincial performances.
The data for China's thirty provinces used in this paper comes mainly from the Young, 2003; . We have followed the methodology and updated the capital stock used in Chow and Li (2002) , Li (2003) and Liu and Li (2006) to 2006.
Human capital is generally related to the level of education, though empirically, a number of indicators are used as proxy for human capital (Barro and Lee, 1993 , 1996 Benhabib and Spiegel, 2005; Gemmell, 1996) . 6 Various assumptions and proxies have been used in constructing China's human capital stock (Young 2003; Wang and Yao 2003) . Liu and Li (2006) and Li et al. (2009) have discussed China's post-reform education performance and constructed China's human capital stock using a perpetual inventory approach (Barro and Lee, 1993 , 1996 . The initial human capital is 
where the subscript i is the ith province and t is the time period; Coelli, 1992, 1997) : 

. Using Equations (17) and (21), the decomposition of output growth and the TFP growth is shown as follows:
is a measure of the adjusted scale effect.
From Equations (5) and (23), the growth of technical efficiency is
The maximum likelihood method is generally used to estimate the parameters in a stochastic frontier production Coelli, 1988 and 1992; Kumbhakar and Lovell, 2000; Kumbkakar, 1990) . After estimating the parameters in Equation (22) 27) and (28) give the decomposition of economic growth and the TFP growth.
4.
Empirical Results Table 1 reports the maximum likelihood estimates of the stochastic frontier production for a panel of thirty provinces of China for the sample period of 1985-2006, giving a total of 644 observations. 9 The dependent variable is log real GDP. Columns (1) and (2) show the results from the Cobb-Douglas production model, while columns (3) and (4) show the results from the translog specification of the production function. The difference between columns (1) and (2) and between columns (3) and (4) is the inclusion of regional dummy variables in columns (1) and (3).
10
The last three rows in Table 1 show the three sets of model specification tests. The first set contains the likelihood ratio tests for the joint effects of quadratic and interaction terms in the translog specifications. The statistics shown in columns (3) and (4) Based on the model selection criterions AIC and BIC, the models in column (3) and column (4) are better than the other two models. The results in column (3) show that the estimated technical inefficiency parameter,  , is negative and statistically significant, 9 A total of sixteen data values are missing in estimation due to missing human capital data in several provinces and years. 10 The four sub-regions in China are chosen to reflect the geographical strength and economic concentration. The South region comprises nine southern provinces, commonly known as the Pearl River Delta region of Fujian, Guangdong, Guangxi, Hainan, Jiangxi, Hunan, Sichuan (including Chongqing), Guizhou and Yunnan. The East region consists of twelve provinces, including mainly provinces in the Yellow River and Yangtze River Delta regions of Beijing, Tianjin, Hebei, Shanghai, Jiangsu, Zhejiang, Shandong, Anhui, Henan, Hubei, Shanxi and Gansu. The West region refers to the remote provinces of Mongolia, Tibet, Shaanxi, Qinghai, Ningxia, and Xinjiang. The remaining three provinces in the North East region are Jilin, Heilongjiang and Liaoning, which consist of the traditional state-owned heavy industries.
which indicates that the overall inefficiency is increasing over time. When the regional dummy variables are included, the results in column (4) show that the intercept for the South region is not significantly different from that of the East region; both Northeast and West regions have a lower and significant intercept. However, the estimate of technical inefficiency is negative, but insignificant. There is thus no strong statistical evidence to
show that technical efficiency is declining over time once the regional dummy variables are included in estimation.
Based on the translog production function estimates shown in column (4) and
Equations (24) - (29), we derive the following measures: the output elasticity with respect to factor inputs (
), returns to scale ( e ), the adjusted scale effect, rate of technical progress ( Tt   ), and growth of technical efficiency ( E T  ). These measures are then used to derive the components of output growth and total factor productivity growth ( P F T  ). Because the translog specification is used, the performance of these measures varies depending on provinces and years. Table 2 shows the averages of the output elasticities and cost shares for inputs of the provinces in different years. China's output elasticity for physical capital input shows an increasing trend starting from 0.543 in 1985 with an average of 0.614 in the sample period. Labor has an output elasticity that ranges between 0.278 and 0.337 with a mild declining trend. Human capital has the lowest value of output elasticity that ranges between 0.145 and 0.240. The elasticity reaches the highest level in the last three years in the sample period. The large and steady increasing output elasticity for physical capital shows that physical capital is dominant in production and its dominance is increasing over time. By taking the sum of three output elasticities gives the values of returns to scale between 1.041 and 1.191. This gives slight evidence of increasing returns to scale
and an increasing trend. The cost shares of inputs in the last three columns show that the cost share for physical capital is the highest with 56 percent on average; the share for labor is 28 percent while the share for human capital is only 16 percent. Table 3 shows the estimates of weighted input growth for the three inputs and adjusted scale effects. The growth of aggregate input, the column under   , has an average of 6.409 percent. Physical capital accounts for 88 percent (5.631% out of 6.409%) of input growth while labor and human capital accounts for 7.32 percent and 4.5 percent,
respectively. This implies that physical capital is the most important factor for input growth. The average physical capital growth in the sample period is 10 percent while the growth of labor and human capital are 1.67 percent and 1.87 percent, respectively (not shown in the table). Since the returns to scale shown in Table 2 are greater than one, this gives a positive scale effect ) 1 (  e . Table 3 shows an increasing trend of 1  e . The last column shows an increasing trend of the adjusted scale effect. The increase in the returns to scale and the input growth explains the increasing trend in the adjusted scale effect from 0.321 percent to 1.575 percent, with an average of 0.597 percent.
The decomposition of output growth and the TFP growth is shown in Table 4 . For the four sources of the output growth, columns (2) - (5) show that: the major contributor to the economic growth is input growth, while both the adjusted scale effect (Scale) and Table 1 , this negative impact should be statistical insignificant and negligible.
The estimates in Table 4 should be considered as a result from a special event rather than fundamental technical changes.
In the decomposition of the TFP growth shown in columns (3) - (5), the overall mean of the TFP growth is 3.744 percent, which is close to other earlier studies (Borenstein and Ostry, 1996; Chow and Li, 2002; Li, 2003) . The two major components are the scale effect (16%) and technical change (86%). The adjusted scale effect accounts for at least 20 percent of the TFP growth during the last three years in our sample period.
The effect of the growth in technical inefficiency is small and negligible. These findings
show that although factor accumulation may lead to the TFP growth through increasing returns to scale, the most important factor for China's growth in TFP is technical progress.
Conclusions
This paper examines and applies the theoretic foundation of the decomposition of economic and productivity growth to China's post-reform economy. Our theoretic discussion follows that of Solow (1957) , Denny et al. (1981) , Bauer (1990) , and Kumbhakar and Lovell (2000) and shows that cost information is not required in estimating the components of decomposition and the production function approach is sufficient for the empirical work. The economic growth is decomposed into input growth, adjusted scale effect, technical progress, and growth in technical efficiency. With this decomposition, the TFP growth simply contains the last three components. The growth of aggregate input is the weighted sum of each input growth and the weight is the cost share of each input. The adjusted scale effect depends on the size of returns to scale. This effect is zero for constant returns to scale, but is adjusted by the aggregate input growth for increasing and decreasing returns to scale. Technical progress in the decomposition represents the shift of the production function over time. The technical efficiency can be measured and derived from stochastic frontier model.
For our empirical work on the production function, we have derived the physical and human capital stocks data using the inventory method for the thirty provinces of China for the period . The average number of schooling years is used as the proxy for the human capital stock, where the numbers of graduates, provincial immigration and mortality at various education levels are taken into account. We have updated and extended the TFP analysis in Chow and Li (2002) , Li (2003) and Liu and Li (2006) with stochastic frontier analysis.
We estimate the stochastic frontier translog production function using the maximum-likelihood estimation method. Our empirical results show that the three factor inputs (physical capital, labor and human capital) are important for output performance.
Among the three inputs, physical capital is the most important factor in China's post-reform economic growth. This conclusion is consistent with earlier studies (Galor and Moav, 2003; Goldin and Katz, 1998 , 1999 . The role of human capital will become significant in the more mature stage of economic development, and it is important for China to upgrade its human capital for sustainable economic development.
When the three sources of the growth of TFP are considered, we found that the major contributor to the TFP growth is technology progress. The contribution from adjusted scale effect is increasing in our sample period. The empirical results do bring forward several policy implications on the sustainability of the post-reform China economy. It is necessary for China to promote investments that are more productive, especially those embodied with technology. Policies should be geared to improve technical efficiency and utilize resources effectively. While labor is plentiful, developed human capital is scarce in China. It will take a relatively long time for individuals to be educated and trained. Thus, continuous investment in education and training is necessary.
Mobility of human capital can facilitate knowledge spillovers across different provinces in China, and encouraging international in-flows of talents might also be necessary. It will be interesting for future analysis, for example, to consider the efficiency level among industries in different regions in the post-reform China. are standard errors. The superscripts *, **, and *** indicate that the estimated coefficient is statistically significant at the 10%, 5% and 1% level, respectively. 
. The average growth rates of physical capital, labor, and human capital over the sample period are 10%, 1.67%, and 1.87%, respectively. 
